The flavonoids in edible plants and foods are surveyed. The food materials rich in flavonoids, such as grape, tea, and cocoa receive particular attention. Also, the ingestion of flavonoids, the absorption and the bioavailability in vivo are discussed. Flavonoids have antioxidant and other living-body modulating activities. When expressing these functionalities, interactions between flavonoids and proteins are important. The interactions with various enzymes and receptors are described. Moreover, as an example of a processed food containing flavonoids, fermented red vinegar that we have investigated is highlighted. The structural determination, antioxidant activity and the generation mechanism of the new acylated polyphenols in red vinegar are described.
Flavonoids found in food plants and foods
Flavonoids in most edible plants are present as O-glycosides with sugars such as glucose and/or rhamnose linked to the phenolic hydroxyl groups. In rare cases, such as C-glucosylflavones, sugars are directly bonded to the carbon skeleton. On the other hand, flavonoids exist mainly as polymers or aglycons in seeds of plants.
To date, the total number of flavonoids that have found exceed 8,000, including aglycons, glycosides and polymers.
In edible plants, the major flavonoids such as flavonols, flavones, flavanols, proanthocyanidins (mainly, procyanidin B-1~B-4) and flavanones [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] are summarized in Table 1 . Flavonols are widely present in whole organs of vegetables, fruits, and grains, and are especially abundant in green leaves. Usually, they are present as glycosides based on aglycons such as kaempferol, quercetin, myricetin, isorhamnetin, and rhamnetin. Among them, quercetin 3-O-glycosides like rutin, isoquercitrin and quercitrin, are major flavonoids in edible plants. In Compared with flavonols, flavone-containing plants are limited ( Table 1 ). Major flavones in edible plants are glycosides of apigenin, luteolin, and diosmetin. They are found in umbelliferous vegetables such as parsley (Petroselinum crispum) and celery (Apium graveolens), and are also present in sorghum (Sorghum bicolor). In particular, celery contains apiin and apigenin 7-Oglycoside in relatively large amounts. In addition, glycosides of apigenin and luteolin are constituents of green pepper, paprika, red pepper (Capsicum annuum), lettuce, herbs such as oregano (Origanum vulgare), thyme (Thymus spp.), rosemary (Rosmarinus officinalis), and even citrus fruits. Moreover, citrus fruits contain characteristic polymethoxyflavones with aglycons such as nobiletin and tangeretin. Polymethoxyflavones are particularly rich in shikuwasa (Citrus depressa) that is a native citrus in Okinawa, Japan, and it has attracted attention as a functional ingredient. On the other hand, C-glucosylflavones such as vitexin, isovitexin, orientin and isoorientin are contained in citrus fruits and peels, and in cereals.
Flavanols (catechins) are found in fruits and spices, and in high concentrations in tea (Camellia sinensis) leaves. Hydroxylation levels of the catechin B-rings in edible plants are usually of either the catechol (catechins) or pyrogallol type (gallocatechins), which exist in either the (-)-epi or (+)-form. Flavanols are widely distributed in apple and grape (Vitis genus) as a component of proanthocyanidins and galloyl esters, or in the free form. Of edible plants in Japan, green tea is the main source of flavanols, composed mainly of four types (-)-epigallocatechin gallate, (-)-epicatechin gallate, (-)-epigallocatechin and (-)-epicatechin. In contrast, the free type, (+)-catechin, (-)-epicatechin and (-)-epigallocatechin, are included in fruits like grape, apple, peach (Prunus persica), pear (Pyrus pyrifolia), mango (Mangifera indica), nectarine (Prunus persica var. mucipersica), plum (Prunus salicina) and raspberry (Rubus idaeus). In addition, (+)-catechin is found in strawberry (Fragaria × ananassa), (+)-catechin and (-)-epicatechin in rhubarb (Rheum rhabarbarum), (-)-epicatechin, (-)-epigallocatechin and (+)catechin in broad bean (Faba sativa), and (-)-epigallocatechin and (-)-epigallocatechin gallate in cowpea (Vigna sinensis) and mung bean (Vigna radiate) ( Figure 1 ). Free catechins exhibit bitterness, but do not precipitate proteins, but their gallates have an astringent taste and cause precipitation by binding to the proteins. Flavanol content in tea is reduced to about half that of green tea in the fermentation process, and oxidative polymerization products of flavanols such as theaflavins contribute to the color and functionality of tea. Flavanols are also included in processed teas such as oolong tea, black tea and Pu-erh tea. Proanthocyanidins are polymers bound with two or more flavanols, sometimes referred to as condensable tannins, and most of the tannins in edible plants belong to this type. There are many kinds of proanthocyanidins based on condensation positions, configurations, and polymerization degrees of the constituting flavanols. In particular, a number of derivatives of flavanols and assamicain consisting of dihydrochalcones have been found in the leaves of tea [10, 11] . Similarly, proanthocyanidins have been found in pulps and seeds of tree fruits such as persimmon (Diospyros kaki), apples, pears, grapes, and cacao (Theobroma cacao). Detailed investigations showed that tannins in barley (Hordeum sativum) caused the turbidity of beer, and tannins in sorghum caused nutrient reduction in important foods in developing countries. In contrast, procyanidins increased their functionality by polymerization, and demonstrated bioactivity never found in the flavanol monomers. However, their elucidation in other foods is still insufficient. Cacao and tea contain large amounts of tannins, which play important roles in the taste, and color of their beverages. However, tannin contents are generally low in other agricultural foods. This is believed to be the result of the selection and breeding of crops with low tannin content, because tannins impair the flavor of food by their bitterness and astringency.
Flavanones are present in almost all citrus fruits such as Satsuma mandarin (Citrus unshiu), grapefruit (C. paradise) and lemon (C. limon), but they are absent from most vegetables. Flavanone glycosides such as naringenin, naringin, and naringenin 7-Oneohesperidoside in grapefruit, hesperetin, hesperidin and hesperetin 7-O-rutinoside in mandarin citrus, and eriodictyol, eriocitrin, and eriodictyol 7-O-rutinoside have been found. On the other hand, a small amount of naringin is present in almonds (Prunus dulcis), and also in tomatos. In addition, grape, azuki bean (Vigna angularis), and peanut (Arachis hypogaea) contain a flavanonol, taxifolin (dihydroquercetin).
Of the flavanone glycosides in citrus fruits, hesperidin rutinosides are tasteless in general, but neohesperidosides like naringin and neohesperidin exhibit bitterness. The difference in their content has become a major factor in distinguishing between sweet orange Satsuma mandarin and Valencia orange (Citrus sinensis), and a bitter orange summer mandarin orange (Citrus natsudaidai) and grapefruit. Bitter neohesperidosides become sweet when they are changed to chalcones by ring-opening, and, by further reduction to dihydrochalcones the sweetness is enhanced more, so neohesperidosides came to be considered as raw materials for sweeteners [10] .
Other main flavonoids found in edible plants include isoflavones and anthocyanins. Isoflavones, the major flavonoids of soybean (Glycine max) in particular, are found characteristically in legume plants. In Asia, soybean, which has been taken as a valuable source of nutrients, is the primary source of isoflavones. Daidzin (daidzein glycoside), genistin (genistein glycoside) and glycitin (glycitein glycoside), and also malonylated isoflavones are known as the soy isoflavones. However, isoflavones are present in trace amounts in bean (Phaseolus vulgaris), broad bean, peanut, and also chickpea (Cicer arietinum). Moreover, isoflavones are also contained in many soybean-processed foods, such as soybean flour, tofu, soymilk, soymilk skin, bean paste, soy sauce, natto (fermented soybeans), and deep-fried tofu.
Cyanidin-based anthocyanins are found in many edible plants, and glycosides of peonidin, petunidin, and malvidin in grape and blueberry (Vaccinium corymbosum). Cyanidin 3-O-glucoside, the most common anthocyanin, is found in black bean (Glycine max) and purple corn (Zea mays). Anthocyanins are also contained in the skin of many fruits such as strawberry, grape, apple, peach, cherry (Prunus avium) and mulberry (Morus nigra). Eggplant (Solanum melongena) and crimson glory vine (Vitis coignetiae) contain almost exclusively one major anthocyanin, nasunin and malvin, respectively. On the other hand, 15 types of anthocyanins are present in fruits of blueberry and bilberry (Vaccinium myrtillus). Also grapes with advanced breeding (varieties, Pione, Fujiminori, and Kyoho), red cabbage (Brassica oleracea), red turnip (Raphanus sativus) and purple sweet potato (for example, I. batatas variety Ayamurasaki) contain many types of anthocyanins (more than 20). In addition, grape, red cabbage, red turnip, purple sweet potato and colorful potatoes (Solanum tuberosum) are rich in acylated anthocyanins. In recent years, the agricultural development of crops containing anthocyanins has been actively carried out. Black rice (Oryza sativa), purple sweet potato, and colorful potatoes have been produced and marketed as various processed foods in Japan.
The content of anthocyanins differs greatly depending on plants and the varieties. In the deep purple-black fruits of Rubus species (raspberry R. idaeus, blackberry R. fruticosus), Ribes species (black currant R. nigrum), Vaccinium species {cranberry, blueberry, cowberry (V. vitis-idaeus), bilberry, huckleberry (Gaylussacia spp.)} and grape (Vitis genus), anthocyanin contents reach 0.2%. In addition, breeding of purple sweet potato has been progressing, and those containing 1% or more anthocyanins have also been produced. Some of them serve as a raw material for a colorant for foods [12] [13] [14] .
Thus, flavonoids are widely included in agricultural products like vegetables, fruits, grains and herbs. Flavonoids are also contained in many edible plant-used processed foods like chocolate, cocoa, green tea, black tea, and wine. In daily meals, we are taking flavonoids from fruits and vegetables as raw or processed foods mainly, and also from food colors, food additives, and health foods made from extracts of flavonoid rich berries, herbs, green tea, and ginkgo (Ginkgo biloba) leaves.
Major food materials containing flavonoids
a) Grape Grapes are grown either for wine or eaten; 80% or more are used as wine raw materials in the world. Grape species are roughly divided into American and European ones,and the European species are used primarily as wine raw materials. In the principal varieties of the European species, Cabernet Sauvignon, Merlot, and Pinot Noir are used for red wine, and Chardonnay, Sauvignon Blanc and Semillon for white wine. In seeds and peels of grapes, a wide variety of polyphenols including flavonoids are contained. In red anthocyanins are contained in the peel, and flavonoids such as astringency proanthocyanidins and bitterness flavanols are contained abundantly in the seeds. Red wine came to attention with flavonoids in relation to the epidemiological fact called "the French paradox". Mortality caused by heart disease seen in European countries is proportional to the intake of animal fat, but France has a low mortality rate in spite of the high fat intake. It has been explained that the antioxidant polyphenols in red wine that French people drink has prevented arteriosclerosis [12] [13] [14] b) Tea Tea, made from the leaves of the evergreen plant Camellia sinensis, is the most commonly drunk beverage in the world. It is divided by its manufacturing process roughly into non-fermented tea (green tea), semi-fermented tea (oolong tea), and fermented tea (black tea).
The study of green tea components started early, and it became apparent that caffeine, vitamins, catechins, and odor components, are contained. Catechins {for example, (-)-epigallocatechin gallate (EGCG), (-)-epicatechin gallate, (-)-epigallocatechin, and (-)-epicatechin} are the major ingredients of green tea, reaching 15-20% of the dry weight. Among the catechins, EGCG accounts for 50%. Further, the tannins include 1-2% proanthocyanidins, and 1-3% hydrolyzable tannins. Green tea catechins have been found to have antioxidant, anti-carcinogenic, and other activities. Especially EGCG has shown the prevention of the high lifestyle-related disease effect. Since oolong and black teas undergo fermentation processes, their components, as well as their color and fragrance, are also significantly different from those of green tea. The contents of vitamin C and catechins decrease in proportion to the fermentation period, and compounds such as theaflavins and thearubigins, which are oxidation products of catechins, increase [10, 11] .
524 Natural Product Communications Vol. 10 (3) 2015 Terahara c) Cacao Cacao is an evergreen tree of the family Sterculiaceae that is indigenous to the tropical regions of South to Central America. Seeds of cacao (cocoa beans) are rich in dietary fiber and polyphenols, and the mineral balance is also good. Cacao masses are raw materials for chocolate or cocoa and contain various types of polyphenols. The polyphenols are flavonoids such as (+)catechin, (-)-epicatechin, procyanidins, and quercetin glycosides, and phenolic acids, and show antioxidant properties and other health functions. The polyphenol composition of cacao is comparable with those of flavonoid-rich red wine, apple, and green tea.
Flavonoid absorption and bioavailability
The amount of flavonoids taken from foods in a diet varies depending on diet habit, and it is said to be about 50 mg -1 g/day.
The site of absorption of flavonoids ingested is different according to the structural types. Quercetin is absorbed from the small intestine, flavanols from the upper small intestine from the stomach bottom, genistein from the upper large intestine from the lower small intestine, daidzein from the stomach, and anthocyanins from the upper small intestine from the stomach. The most studied absorption mechanisms of flavonoids are those of flavanols and quercetin glycosides with potent antioxidant power. As shown in Figure 2 , quercetin glycosides were incorporated into the cells of the small intestine mucosal epithelium ingested through the sodium-dependent glucose transporter 1 (SGLT 1) in the small intestinal lumen, and sometimes in the form of the aglycon after hydrolysis by ß-glucosidase by passive diffusion in the intestinal epithelial cells (path 1). Then, part serves as a glucuronic acid conjugate and shifts to a blood vessel (portal vein) and also the liver, where further conjugation may take place. By action of the multi-drug resistance related protein 2 (MRP2) on the small intestinal mucous epithelium, some flavonoids once incorporated into the cells may be discharged to the intestinal lumen (enteropathy circulation). Further, after hydrolysis by lactase (LPH) in the small intestinal epithelial cells, the flavonoid aglycons formed may be taken up by passive diffusion (path 2). Meanwhile, the nonabsorbed flavonoid glycosides in the small intestine shift to the large intestine and many are discharged in the feces (path 3). Other glycosides are hydrolyzed by intestinal bacteria to give the aglycons. These, after conjugation, are taken into the cell by passive diffusion based on affinity with a cell membrane, and part shifts to a portal vein. Furthermore, some aglycons are transformed into phenylacetic and phenylpropionic acids by intestinal bacteria. Thereafter, they may be efficiently absorbed and used actively via monocarboxylic acid transporter (MCT) [15] [16] [17] . It is also proposed that flavanols are absorbed from an intercellular space of intestinalepithelial cells (path 4) or that absorption mechanisms other than passive diffusion transportation exist. Since the lipo-solubility and absorbency of flavonoids correlate in either case, flavonoids are absorbed by passive diffusion transportation based on affinity with a cell membrane.
On the other hand, absorption mechanisms of anthocyanins differ considerably. The absorption ratios of anthocyanins are greatly influenced by their chemical structures, and the absorptivity of low molecular weight anthocyanins (mono-glycosides) is considered to be 2% or less. The low molecular weight anthocyanins are taken into the intestinal tract along with the high hydrophilic intact glycosides, and shift into the blood, where some are found as methylated or glucuronate conjugates. There are also some reports on absorption in the intestinal tract of acylated anthocyanins in the same way [18] [19] [20] [21] [22] .
Flavonoids change into various metabolites after absorption, and most migrate into the blood as sulfate or glucuronate conjugates (some methylated ones), and circulate in the body. Tissues undergoing conjugation are the absorption cells or liver, and changes with the kind of flavonoid are suggested [15] . With ingestion, the amount of metabolites in blood rises temporarily, and decreases in a half-life of several hours. Since the flavonoids absorbed in the living body are excreted in the urine almost within a day, to maintain the blood level by ingestion of dietary flavonoids of each is required. Conventionally, flavonoids not subjected to conjugation or degradation in vivo have been considered to be the main active components, such as antioxidants. However, it has been questioned because the bioavailability and absorbency are generally lower, and functionality of the metabolites and the conjugates themselves is lower. In recent years, there are also reports to demonstrate the antioxidant activity in cells by a signaling mechanism through the receptors [23] .
Equol, a metabolite of daidzein, is said to have a stronger estrogenlike action than the original daidzein, and it has attracted attention because it reduces the incidence of breast cancer, and there is an osteoporosis prevention effect (Figure 3) . It is pointed out that the equol production ability changes with each individual intestinalbacteria phase, and about half of Japanese and 30% of Europeans and Americans belong to the group with equol high productive ability [24-26]. 
Antioxidation activity and functionality of the flavonoids
From the viewpoint of food science, flavonoids belong to the nonnutrient class. Flavonoids traditionally tended to be removed from food crops, because they inhibit digestive enzymes, exhibit astringency and bitterness, and their absorption after ingestion is not always good. However, by being components of daily meals the demonstration of various beneficial effects came to be known, such as antioxidant properties in animal experiments, the reduction of cardiovascular disease and high blood pressure, and the antiallergic, anti-inflammatory and anti-diabetic effects. Thus, flavonoids came to be reviewed as third-order functional ingredients (food factors) with biological regulatory functions. The functionality of green tea flavanols, red wine polyphenols, and soy
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isoflavones, for example, is of special interest as related to the reduction of the risk in lifestyle-related disease or a metabolic syndrome [8] [9] [10] [24] [25] [26] [27] [28] . Research funding into food ingredients preventing cancer, the so-called "Designer Foods Plan", was approved in the United States in the 1990s. From this it was proposed that there was a close relation between people's health and the intake of vegetables, not only resulting from the nutrients, but also in flavonoids, which are non-nutrient ingredients. Today, studies for prevention of not only cancer but also chronic disease by vegetable components such as flavonoids are advanced [28] . The antioxidant activity of flavonoids, which have been revealed by many researchers, are considered to result from their free radical scavenging action, a chelating action with metal ions, and blocking of a lipid peroxidation chain reaction. Moreover, it is said that the positions and the existence of hydroxyl groups on flavonoids affect the strength of the antioxidant action. Flavonoids having a hydroxyl group at the 4'-position of the B-ring, and the catechol type with a 4'-hydroxy group and a hydroxyl group adjacent to the 4'-position are excellent for antioxidant activity. A structure-activity relationship is also known for flavonoids with a double bond between C2 and C3, which have stronger activity than those with a single bond, and flavonoids bearing more phenolic hydroxyl groups have higher antioxidant activity [26] . In the (-)-epicatechin gallate EGCG of tea catechin, the pyrogallol structure of the gallic acid moiety attached to the 3-hydroxy group of the flavanol skeleton is closely related to its strong antioxidant activity. Anthocyanins generally show antioxidant activity. The activity of anthocyanins acylated with acids bearing phenolic hydroxyl groups such as caffeic acid become stronger, because of enhancement by the antioxidant power of the acyl group. Anthocyanins in red cabbage and purple sweet potato attract attention from their color stability and their high functionality, mainly due to polyacylated anthocyanins with two or more aromatic organic acids.
When the hydroxyl groups of flavonoids undergo various conjugations in the liver and small intestine, their antioxidant activity is lowered. However, daily-ingested flavonoids show antioxidant properties in the digestive tract until they are excreted, protecting against oxidative stress in the gastrointestinal mucosa. Also, if absorbed, the flavonoid metabolites migrate from plasma albumin to blood vessel walls and exert antioxidant effects, preventing arteriosclerosis, for example. Similarly, it has been found that antioxidative flavonoids pass the blood brain barrier, and reduce the risk of central nervous system problems such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis [25, 26] .
For flavonoids, in addition to their antioxidant, anti-mutagenic (e.g. flavonol glycosides), anticancer (e.g. quercetin and kaempferol), antihypertensive, antibacterial and antiviral properties (e.g. rutin, catechins, hesperidin and naringin), anticarious (flavanols), antiallergic (methylated flavanols), and liver damage inhibitory actions (e.g. catechins) have been reported [9] [10] [11] . The functionality of anthocyanins has also been investigated extensively. Suppression of ischemia-reperfusion injury by cyanidin 3-O-glucoside, microcirculation improvement, and a visual function improvement by blueberry anthocyanins, an inhibitory effect of liver failure by nasunin (eggplant anthocyanin), a suppression of tumor cell growth, and DNA oxidative damage by delphinidin, and a lowering effect of the glycemic index by acylated anthocyanins of purple sweet potato have been reported [27] .
The interaction of flavonoids with protein and functionality
Since the participation of free radicals has been pointed out in aging and various diseases, flavonoids with a potent antioxidant activity such as quercetin, flavanols, and anthocyanins, are expected to show prevention effects in the lifestyle-related disease described above. Understandably, flavones and flavanones without hydroxyl groups have only a weak antioxidant action. However, some such flavones and flavanones show remarkable effects on protein regulation functions revealed by reversibly combining with various proteins, enzymes, and receptors in the body. This is considered to originate in the affinity to certain proteins based not on the existence of a hydroxyl group, but the stereo structures of the flavonoids. Thus, the interaction with proteins has attracted attention as comprising a clue to understanding the nature of the biological regulation functions of flavonoids.
Interaction with various enzymes
Flavonoids have been found to inhibit various digestive related enzymes. Pancreas lipase inhibition by flavonoids results in reduced lipid absorption leading to an anti-obesity action [29] . Carbohydrate absorption is also reduced by inhibition of carbohydrase enzymes (for example, α-amylase, α-glucosidase, and sucrase) in the intestinal tract. Flavonoids thus suppress the increase in postprandial blood glucose, resulting in an anti-diabetic action [30] . Further, by inhibiting the function of ATP-binding proteins, flavonoids affect the various kinases such as ATPase [31] . Furthermore, flavonoids affect activities of various redox enzymes, such as lipoxygenase participating in unsaturated fatty acid metabolism, cyclooxygenase in the arachidonate cascade, tyrosinase in melanin production, xanthin oxidase in active oxygen production, and cytochorome P-450 in detoxification. [32] .
Interaction with receptors
The adenosine receptor is involved in homeostasis-related systems such as the immune system, a cardiovascular system and a nervous system; certain flavonoids interact with the adenosine receptor. Recently, it has been clear that EGCG, a green tea catechin, binds to certain kinds of receptors, and produces a growth-inhibitory action on cancer cells and an anti-allergic action through the receptors [33] . Moreover, it is well known that isoflavones bind strongly to the estrogen receptor of the nuclear receptors, and hence show estrogen-like activity. In particular, soy isoflavones show estrogen (female sex hormone)-like action due to the similarity of the chemical structure with estrogen, and the effect of reducing osteoporosis is known. It is stated that soy isoflavones have several times stronger binding activity to the receptor than apigenin and kaempferol [24, 34] . On the other hand, the allyl hydrocarbon receptor has been noted as a receptor of dioxin, and is concerned with drug metabolism-related enzyme induction. Flavonoids binding to the receptor have been found, so detailed research has been carried out on both the inhibition and expression of the receptor function [35] . In addition, the interaction with the peroxisomal proliferator-activated receptor, a nuclear receptor, has also attracted attention from the viewpoint of lipid metabolism control [36] . 
Structures and functionality of new acylated polyphenol ingredients of fermented red vinegar
In this section, we introduce the study of components in processed foods that use purple sweet potato anthocyanin pigments. Breeding of purple sweet potatoes has been advanced by the National Agricultural Research Center for Kyushu Okinawa Region, Japan, and many processed foods using a high color value variety Ayamurasaki have been developed and commercialized [37] . The chemical structures of the purple sweet potato anthocyanins (named YGMs) have been studied, mainly by us, and the major ones have been found to be mono-and di-acylated peonidin-and cyanidinbased glycosides (Figure 4 ) [38] [39] [40] . As one of the purple sweet potato processed foods, a red fermented vinegar using purple sweet potato by Miyazaki JA Food Development Institute, Japan has been developed. This is a deep-red colored vinegar that has attracted attention as a component of a healthy drink, as red vinegar is expected to have the properties not only of the purple sweet potato ingredients, but also of those produced during fermentation. In collaboration with Kyushu University, Japan, we have researched red vinegar ingredients, and have found novel fermentation products of 5-deglucosyl anthocyanins (DGYs) and acylated sophoroses (ACSs). Furthermore, these polyphenols have been found to have comparatively high antioxidant and α-glucosidase inhibitory activities (postprandial hyperglycemic effect that leads to antidiabetic activity). This section describes the examination of the structural determination of DGYs and ACSs, their antioxidant activity, and a mechanism for their production. 
Isolation and structural determination of DGYs and ACSs
ODS-HPLC analysis of the red vinegar is given in Figure 5 . Although the YGMs in the red vinegar did not differ greatly from those in purple sweet potato, DGYs and ACSs were newly observed. The red vinegar was separated and purified using various columns, as shown in Figure 6 , and the DGYs and ACSs were isolated. The isolated polyphenols were examined by highresolution mass spectrometry (ESI/FT-ICRMS); the DGYs and ACSs gave clear molecular cation and anion peaks, respectively. Their molecular formulas and molecular weights could be determined uniquely, as shown in Table 2 . The 13 C and 1 H NMR spectra were measured in DMSO-d 6 : CF 3 COOD (9:1, v/v) solution, and also two-dimensional DQF-COSY, TOCSY, NOESY, HSQC, and HMBC spectra were measured. The bonding relationship of glucoses and acyl groups to the aglycon, and three-dimensional structures could be established by analyzing in detail the cross-peaks of HMBC and NOE spectra. As a result, the structures of four DGYs (DGY-3, -4b, -5a and -6: Figure 7 ) and four ACSs (6-caffeoylsophorose (CS), known compound [41, 42] ), 6,6'-dicaffeoylsophorose (CCS), 6'-feruloyl-6caffeoylsophorose (FCS), and 6'-p-hydroxybenzoyl-6caffeoylsophorose (BCS): Figure 8 ) could be determined completely. These were diacylated polyphenols (monoacylated in only CS) with one caffeic acid. It became clear that the structures of DGY-3, -4b, -5a and -6 were respectively equivalent to the 5-deoxy YGMs (YGM-3, -4b, -5a and -6). Moreover, the structures of the ACSs (CS, CCS, FCS and BCS) corresponded respectively with the sugar chains at the 3-position of YGMs (YGM-2/5, -2b/4b, -3/6 and -1a/5a). The chemical structures of these acylated polyphenols were also supported from the results of UV-Vis spectra and HPLC identification of the alkaline hydrolysates [43] . 
Antioxidant activity of DGYs and ACSs
The antioxidant activity of the isolated DGYs and ACSs was measured with the DPPH (1,1-diphenyl-2-picrylhydrazyl)colorimetric assay method, and evaluated as DPPH radical scavenging activity (RS%) [44] . DPPH itself is a stable purple radical that deprives the electron/hydrogen from the antioxidant (electron/hydrogen donor) and changes to the non-radical compound (pale yellow), the color fading gradually. So DPPH can be regarded as a suitable model compound for reactive oxygen species. In this method, 500 μM sample-ethanol solution (25 μL), ethanol (375 μL), 0.1M tris buffer solution (pH 7.4, 350 μL) and
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Natural Product Communications Vol. 10 (3) 2015 527 500 μM DPPH-ethanol solution (250 μL) were added in order, and mixed. After 20 minutes, the mixture was measured the absorbance of remaining DPPH at 520 nm four times. The DPPH radical scavenging activity (RS %) was calculated by RS % = 100 (Ai-As+Ab)/Ai, where, Ai, As and Ab are the DPPH absorbances at 520 nm of the initial, sample, and blank, respectively. Trolox, BHT (2,6di-t-butyl-4-methylphenol), caffeic acid, and EGCG were used as the standard antioxidants for the assay. The DGYs showed antioxidant activity, one of which was equivalent to that of EGCG. The activity order was DGY-4b> -3> -6> -5a, and the same order for YGMs (YGM-4b > -3 > -6 > -5a) with corresponding structure, respectively. The antioxidant power of the substrates was thought to be proportional to the total number of catechol structures on B-ring and/or on acyl residues. Actually, the activity of DGY-4b (two caffeic acids) and DGY-3 (one caffeic acid + cyanidin) was stronger than those of DGY-6 (one caffeic acid) and DGY-5a (one caffeic acid) ( Figure 9) . Similarly, the antioxidant activity of ACSs was in the order of CCS > FCS > BCS > CS. Namely, di-acylated ACSs had higher activity than mono-acylated CSs. The antioxidant nature of CCS was higher like DGYs with many catechol structures (caffeic acid). The results, in general, show that the catechol structure of the caffeate derivatives is more easily able to donate electrons/hydrogen atoms to the active oxygen species, and, therefore, is consistent with [45] high antioxidant activity. Generation mechanism of DGYs and ACSs It became clear that DGYs and ACSs, the new fermentation products, existed in the red vinegar in addition to YGMs and chlorogenic acids of purple sweet potato origin. DGYs and ACSs correspond to the 5-deglucosyl derivatives and the 3-position of the sugar chain moieties of purple sweet potato anthocyanins (YGMs), since it is estimated that they were mainly generated in response to the hydrolysis of YGMs during fermentation and/or storage. That is, DGYs and ACSs were considered to be generated, respectively, by hydrolysis of the 5-glycoside linkage of YGMs, and of the 3position glycosidic linkage of YGMs or DGYs (Figure 10 ). This production mechanism was supported by the acid hydrolysis experiment of YGMs. When YGMs were heated in diluted acetic acid, YGMs gave DGYs and ACSs [43] . As mentioned above, YGMs, if ingested, are absorbed from the intestinal tract as intact glycosides (without decomposition), but the absorptivity of YGMs is very small [22] . On the other hand, on oral ingestion of the red vinegar, since the molecule sizes are smaller than the original YGMs, DGYs and ACSs are considered to be easier to be absorbed than the purple sweet potato anthocyanins themselves. Therefore, it is expected that the polyphenols contribute to the total health maintenance along with acetic acid, YGMs, and chlorogenic. New functional polyphenols can be identified from the fact that many HPLC peaks are seen besides those identified so far in red vinegar ( Figure 5 ), and new functionality may be found.
